A study was conducted to quantify the effects of rootstock and training system on C allocation in apple. Drymatter distribution was determined at harvest in 5-year-old 'Golden Delicious' apple (Malus domestica Borkh.) trees on four rootstocks (MM.111 EMLA, M.7a, M.26 EMLA, and M.9 EMLA) and in three training systems (three-wire palmette, free-standing central leader, and nonpruned). Mobilizable carbohydrate content was determined at harvest and leaf fall in trees from the same planting on MM.111 EMLA and M.9 EMLA in all three training systems. Training system effects interacted with rootstock effects in dry weights of branches and of fruit. Nonpruned system shoot and fruit dry weights reflected known rootstock vigor; whereas, pruned system (three-wire and central leader) shoot dry weights were greatest and fruit dry weights were lowest in trees on M.7a. Rootstock affected the partitioning of dry matter between above-and below-ground tree components, with MM.111 EMLA accumulating significantly more dry matter in the root system than trees on the other rootstocks. Trees in the central leader and the three-wire palmette systems partitioned more dry weight into nonbearing 1-year shoots than trees in the nonpruned system. Root starch content at harvest was greater in trees on MM.111 EMLA than on M.9 EMLA, and root sucrose and sorbitol were less in trees on MM.111 EMLA compared to M.9 EMLA. At leaf fall, starch in young roots was equal in trees on both rootstocks, and sorbitol again was lower in trees on MM.111 EMLA. Harvest starch content of roots, shoots, and branches was lower in nonpruned than in pruned trees. At leaf fall, root, shoot, and branch starch content increased in nonpruned and central leader-trained trees but did not increase in three-wire palmette-trained trees.
Extensive studies with apple have shown the effects of various training systems and rootstocks on dry-matter and soluble carbohydrate composition of leaves, fruit, and spurs (Brown et al., 1985b; Drake et al., 1988; Ferree, 1989; Taylor and Ferree, 1986; Schechter et al., 1991) . There are few published reports, however, that quantify the influence of either cultural practices or size-controlling rootstocks on the total partitioning of dry matter and soluble carbohydrates among reproductive, vegetative, and structural components of an apple tree. These data are needed to develop valid management models for commercial orchards. Reich (1985) demonstrated that dormant pruning decreased trunk (bark and wood) starch accumulation but did not affect total fruit or shoot dry weight. Strong and Miller-Azarenko (1991) showed that dwarfing rootstocks of apple accumulated less branch and frame dry weight and greater fruit, spur, and spur leaf dry weight compared to rootstocks with moderate or low vigor control. Brown et al. (1985a) reported that apple trees on M.9 had less above-and below-ground dry weight than trees on MM.111 and that carbohydrate content followed a similar pattern. Distribution was determined throughout a season, and differences between rootstocks were most apparent from harvest through leaf fall.
The objective of this study was to determine the effect of apple rootstocks and training systems on 1) dry weight distribution and 2) deposition of reserve and transport carbohydrates at harvest and during the dormant period. An experimental design was developed that integrated rootstock and training system with C partitioning and productive capacity.
Materials and Methods
'Golden Delicious (Gibson)' trees were planted in 1986 at the West Virginia Univ. Experiment Station, Kearneysville, in a randomized block, split-plot design comparing four rootstocks (MM.111 EMLA, M.7a, M.26 EMLA, and M.9 EMLA) and three training systems (three-wire palmette trellis, free-standing central leader, and nonpruned). There were 10 trees (replicates) per rootstock (split plots) in a given system (main plots). Tree spacing was 3 × 3 m. All trees were headed at 66 cm at planting. Trees on the three-wire palmette trellis were trained to the system described by Singha et al. (1990) ; trees in the free-standing central leader system were trained as described by Heinicke (1974) ; and trees in the nonpruned system were neither trained nor pruned other than the initial heading cut. The experimental planting was maintained according to current West Virginia Univ. Extension recommenda-tions (Hogmire et al., 1993) . Freezing temperatures killed flowers in 1989 and 1990 , and the first commercial crop was harvested in 1991.
Trees from five replicates were removed at fruit maturity in 1991 to determine dry-matter distribution and mobilizable carbohydrate levels. The remaining trees were sampled at leaf fall for additional carbohydrate analysis. Trees were excavated on 17 Sept. 1991 using a tractor-mounted stump puller (Deiner and Domigan, 1986) . Additional root excavation by hand demonstrated that the stump puller consistently harvested ≈85% of the root mass (data not shown). Trees were air-dried, partitioned into trunk, root, 1-year shoots, and 2-year and older (≥2-year) branches and leaf fractions, then weighed. Bark, young roots (<1 mm in diameter), mature roots (≥1 mm in diameter), 1-year shoots, and 2-year branches, spurs, and leaves from M.9 EMLA and MM.111 EMLA rootstocks (all training systems) were subsampled on 18 Sept. from the excavated trees and on 24 Nov. from the replicates remaining in the field. The subsamples were cut into thin slices, lyophilized, and ground in a Wiley mill to pass through a 40-mesh screen.
Carbohydrates were analyzed using a modification of the method of Wang and Stutte (1992) . Tissue (0.5 g) was extracted twice in 5 ml boiling water and centrifuged. The pooled supernatant was passed through a polyvinyl-pyrrolidone column, and glucose, fructose, sucrose, and sorbitol were quantified using highperformance liquid chromatography and refractive-index spectroscopy. The pellet was resuspended in 10 ml phosphate buffer with amyloglucosidase (10 mg EC 3.2.1.3/100 ml), vortexed, incubated at 55C in a water bath shaker for 16 h, and centrifuged. The supernatant was assayed colorimetrically for conversion of starch to glucose.
Data were analyzed using the General Linear Model Procedure (GLM) of the Statistical Analysis System Institute (Cary, N.C.). Means were separated by least significant difference. An arcsin square-root transformation was performed on percent data. 
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Results and Discussion
The data collected reflect tree superstructure accumulated over six seasons and fruit, leaf, and carbohydrate dry weights for the sixth year of growth of 'Golden Delicious' trees. Rootstock and training-system interactions were found for dry weights of ≥2-year branches and fruit, and these are discussed in Fig. 1 and the text. For all other comparisons, only rootstock and training-system main effects are presented.
Dry-matter distribution. Training system affected branch drymatter accumulation differently on different rootstocks (Fig. 1A) . Trees trained to either a central-leader or three-wire palmette training system accumulated 50% less dry matter in branches than nonpruned trees. Pruned trees grown on M.7a accumulated 46% more dry matter in branches than pruned trees on M.9 EMLA. Training system had more impact on branch biomass of trees grown on vigorous rootstocks (M.7a and MM.111 EMLA) than of trees on dwarfing rootstocks (M.9 EMLA and M.26 EMLA) because they required heavier pruning. Branch dry weight of nonpruned trees was directly proportional to rootstock vigor.
Training system also influenced productivity of trees on different rootstocks (Fig. 1B) . Fruit dry weight in the nonpruned system was directly proportional to rootstock vigor. Pruned trees on M.7a had 23% less fruit dry weight than pruned trees on the other rootstocks. Yield (fruit dry weight) in the three-wire palmette and the central leader systems was strongly influenced by vegetative vigor (shoot dry weight) (r = -0.88; P = 0.05; data not shown). New growth stimulated by pruning apparently reduced yields of trees on M.7a.
Rootstock affected dry-matter partitioning into above-and below-ground components of the apple tree (Table 1) . Trees on MM.111 EMLA had 51% greater absolute dry weight in roots than trees on M.9 EMLA. Root : shoot (R : S) ratios-root dry weight/ shoot + branch + trunk dry weights)-were calculated, and trees on MM.111 EMLA and M.26 EMLA had higher R : S ratios than trees on M.9 EMLA and M.7a. These data are consistent with those of Brown et al. (1985a) , who reported that MM.111 partitioned more dry matter to the below-ground portions of a tree than M.9. Trees on M.9 EMLA partitioned less dry matter to structural components, e.g., branches, than M.7a or MM.111 EMLA. These results are consistent with those reported by Strong and Miller-Azarenko (1991) . Total dry weights were proportional to rootstock vigor.
Training system also affected the distribution of dry matter among various apple tree tissues ( Table 2 ). The nonpruned treatment had 65% less dry matter partitioned to 1-year-old shoots than the three-wire palmette. The nonpruned treatment also had the lowest percentage of dry matter partitioned into leaves and trunks. Nonpruned trees had the greatest absolute dry weight partitioned z Mean separation in columns by LSD, P ≤ 0.05, n = 15 (percentage data analyzed by arcsin square-root transformation; nontransformed data shown). y Significant training system × rootstock interaction; mean separation for pruned trees (Fig. 1A ). x Significant training system × rootstock interaction; mean separation for pruned trees (Fig. 1B) . w Root dry weight/shoot + branch + trunk dry weights. (Fig. 1A ). x Significant training system × rootstock interaction (Fig. 1B) . w Root dry weight/shoot + branch + trunk dry weights.
into branches, roots, and fruit, but percentage of dry matter in these fractions was similar to that in the other training systems. The three-wire palmette, free-standing central leader, and nonpruned trees had comparable R : S values. Leaves are the ultimate source of all C partitioned into fruit, and the relative efficiencies of the rootstocks and training systems at partitioning fixed C to fruit can be considered to be a function of the leaf. An index of C conversion can be expressed as fruit dry weight per tree per leaf dry weight per tree (Charles-Edwards, 1982) . When systems were compared during the sixth year using this fruit : leaf (F : L) ratio, the value for no pruning exceeded the values for central leader and three-wire palmette training by 44% and 41%, respectively (Table 3) . Rootstock also affected F : L ratio. Trees on M.7a had a lower F : L ratio than trees on the other rootstocks, a result that seemed to be related to competition between vegetative and reproductive sinks in the three-wire palmette and central leader systems. Mobilizable carbohydrate levels. Training system and rootstock also affected the concentration of mobilizable carbohydrates in 'Golden Delicious' apple trees. These data are shown in Tables  4 and 5 . Glucose and fructose concentrations paralleled sucrose contents, and the data are not shown.
Rootstock affected concentrations of starch, sucrose, and sorbitol at harvest and concentrations of starch and sorbitol at leaf fall. Trees grown on the more-vigorous MM.111 EMLA rootstock had greater root starch and less root sorbitol and sucrose at harvest than trees on the less-vigorous M.9 EMLA rootstock (Table 4) . Starch content of young and mature roots in trees on MM.111 EMLA was 29% and 20% higher, respectively, than in trees on M.9 EMLA. Sorbitol content was 44% and 55% lower, respectively, and sucrose content of young roots was 24% lower than in trees on M.9 EMLA. Trees grown on MM.111 EMLA had greater shoot and branch starch (8% and 9%, respectively) and less root sorbitol and sucrose at leaf fall (69% and 58%, respectively). Root starch in M.9 EMLA increased by 40% (P ≤ 0.05) at leaf fall. These findings confirm previous reports that trees on more vigorous rootstocks have a higher starch content than trees on dwarfing rootstocks (Brown et al., 1985; Gaudillere et al., 1992) . The results also agree with previous reports indicating an inverse relationship between a high rate of shoot growth and root sorbitol and sucrose content (Brown et al., 1985) .
Training system affected starch, sucrose, and sorbitol content at harvest and leaf fall. Nonpruned trees had lower root, leaf, shoot, and branch starch and lower young root sucrose but greater branch sorbitol concentration at harvest than pruned trees (Table 5) . Starch content of young roots was 25% higher in 'Golden Delicious' trained to the central leader than in trees trained to the threewire palmette and 40% higher than in nonpruned trees. Starch content of mature roots of trees trained to the central leader and the three-wire palmette systems averaged 29% higher than that of nonpruned trees. Leaf, shoot, and branch starch content was 10%, 35%, and 25% lower, respectively, in nonpruned vs. pruned systems, and young root sucrose was 35% lower. After harvest, starch concentration in young roots and shoots and branches increased (49%, 31%, and 46%, respectively) in nonpruned trees but did not increase in three-wire palmette-trained trees (P ≤ 0.05). Sucrose concentration in young roots and branches increased in nonpruned trees at leaf fall but not in three-wire palmette-trained trees (P ≤ 0.05). Sorbitol content of young roots in nonpruned and palmette-trained trees at leaf fall was less than that of central leader-trained trees. As reported by Reich (1985) , the greatest effect of pruning was on distribution to energy reserves in the form of starch. The effects on sucrose and sorbitol need to be explored further.
This research provides data that can be used to define further the effects of rootstock and training system on C use in apple. Training method interacted with rootstock to affect dry-matter partitioning in bearing, field-grown apple trees. Fruit dry weight was proportional to tree vigor in the nonpruned system, whereas fruit dry weight was inversely proportional to tree vigor in the pruned systems. Where no interactions occurred, training and rootstock had distinct effects on C allocation. Pruning increased shoot dry weight and decreased branch, root, and fruit dry weight but did not affect overall C partitioning between above-and below-ground components. In contrast, size-controlling rootstocks affected drymatter partitioning between above-and below-ground components. Trees on M.9 EMLA and M.26 EMLA rootstocks and in the nonpruned system were most efficient at partitioning fixed C to fruit. Training system and rootstock influenced partitioning of starch, sorbitol, and sucrose. Pruning increased above-and belowground starch reserves at harvest and decreased branch sorbitol. At leaf fall, root and shoot starch and root sucrose increased in nonpruned and central leader-trained trees but showed no increase in three-wire palmette-trained trees. Rootstock effects at harvest seemed to be related to total dry weights of the trees, with MM.111 EMLA allocating C to root starch and M.9 EMLA allocating C to root sorbitol and sucrose. At leaf fall, M. 9 EMLA reallocated C to starch.
These carbohydrate data are consistent with relative cropping efficiencies of training systems and rootstocks. Trees on M.9 EMLA rootstock allocated dry matter and carbohydrates similarly to nonpruned trees, with both treatments resulting in large leaf and fruit sinks and corresponding reductions in reserves accumulated during the growing season. Root starch remained low through harvest and did not increase until leaf fall. The palmette trellis created a more compact canopy, but excessive pruning of trees on more-vigorous rootstocks resulted in increased shoot growth and decreased carbohydrates at leaf fall.
